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ACDM Cosmoflogical model:

the existence and structure of the cosmic
microwave background

the large-scale structure in the distribution of
galaxies

the abundances of hydrogen (including
deuterium), helium, and lithium

the accelerating expansion of the universe
from distant galaxies and supernovae
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about 400 million yrs.

ACDM Cosmoflogical model:

the existence and structure of the cosmic
microwave background

Big Bang Expansion

13.7 billion years

the large-scale structure in the distribution of

galaxies
o the abundances of hydrogen (including
The model assumes general relativity as the deuterium), helium, and lithium
correct theory of gravity on cosmological scales! the accelerating expansion of the universe

from distant galaxies and supernovae



Problems in the ACDM Cosmological
model:

-The cosmological constant

-The coincidence problem (why not?)
-The Hubble tension

-The growth rate tension between CMB
and shear measurements
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Interacting dark energy, massive neutrinos
Dark Matter-neutrino interactions, etc...
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The Einstein Tensor and Its Generalizations

Journal of Mathematical Physics 12, 498 (1971); https:/doi.org/10.1063/1.1665613

David Lovelock

The Four-Dimensionality of Space and the Einstein Tensor
Journal of Mathematical Physics 13, 874 (1972); https://doi.org/10.1063/1.1666069

David Lovelock

(OVELOCK'S THEOREM: if we try to create any
gravitational theory in a 4D Riemannian
space from an action principle involving the
metric tensor and its derivatives only, then
the only field equations that are second
order (or less) are Einstein’s equations
and/or a cosmological constant.
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David Lovelock

The Four-Dimensionality of Space and the Einstein Tensor

Journal of Mathematical Physics 13, 874 (1972); hitps:/doi.org/10.1063/1.1666069

David Lovelock

(OVELOCK'S THEOREM: if we try to create any
gravitational theory in a 4D Riemannian
space from an action principle involving the
metric tensor and its derivatives only, then
the only field equations that are second
order (or less) are Einstein’s equations
and/or a cosmological constant.

The main energy conditions in general relativity for the
energy-momentum tensor are expressed as

Null energy condition < p —p >0

Weak energy condition < p > 0

Dominant energy condition < p+p > 0

Strong energy condition < p+3p > 0



IHigher dimensionsI ‘ WEP violations I

/

Diff-invar. violations

Extra fields

Dynamical fields
(SEP violations)

‘Nondynamical ﬁeldsI ‘ Massive gravity I | Lorentz-violations I

Palatini f(R) dRGT theory Einstein-Aether
Eddington-Born-Infeld Massive bimetric Horava-Lifshitz
gravity n-DBI

Scalar-tensor, Metric f(R) Einstein-Aether TeVeS
Horndeski, galileons Horava-Lifshitz  Bimetric gravity
Quadratic gravity, n-DBI

Berti et al. Class. Quantum Grav. 32, 243001 (2015)
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Phys. Rev. D 102, 104045 (2020)
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against radiative
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Warning

Radiation risk
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Theory Field Strong  Massless Lorentz  Linear  Weak Well- Weak-field
content EP graviton symmetry 7, EP posed? constraints
Extra scalar field
Scalar-tensor S X v v v v v |34 [35-37
Multiscalar S X v v v v v |39 [39]
Metric f(R) S X v v v v v [10,41) [42)
Quadratic gravity
Gauss-Bonnet S X v v v v v'? [43)
Chern-Simons p X v v v v Xv'? |1 [45]
Generic S/P X v v v v ?
Horndeski S X v v v v v'?
Lorentz-violating
H-gravity SV X v X v v v'? [16-49]
Khronometric/
Hofava-Lifshitz S X v X v v v'? [18-51)
n-DBI S X v X v v ? none ( [52])
Massive gravity
dRGT/Bimetric SVT X X v v v ? [17)
Galileon S X v v v v v'? [17,53]
Nondynamical fields
Palatini f(R) v v v X v v none
Eddington-Born-Infeld v v v X v ? none
Others, not covered here
TeVeS SVT X v v v v ? |37
fIR)L ? X v v v X ?
) ? X v X v v ? [54)

Berti et al. Class. Quantum Grav. 32, 243001 (2015)
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Planck Cells Observable

scale LHC Nuclei  Atoms Bacteria us Planets Galaxies universe
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gravity physics R— l |
Subatomic Atomic physics, F < Mpl:
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} {
Condensed matter physics
/ AJI?I 2 LV 1 3
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where A S M.



Planck Cells Observable

scale LHC Nuclei Atoms Bacteria us Planets Galaxies universe
1 /L 1 1 L 1 L 1 L |
U [ I 1 I I ' 1 I 2=
107 10719 107" | | 1 10° 10% 10% m
— — A f >
Quantum Particle Biophysics Gravitation, Astrophysics, Cosmology
gravity physics < | | |
Subatomic Atomic physics, E< Mpb
physics Nanoscience
1 |
I |
Condensed matter physics

1
A2

M2
Letlgw] = V=9 7’”R+ R+ R, R + = (iR +---) +--- |,

where A S M.




HORNDESKI'S THEORY:
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v}
|

G2(¢aX)a L3 = G3(¢aX)D¢a
Ly = Ga(9, X)R+ Gux(6,X) [(00)° - 60| B

o1
L5 = GsGuo™ — =Gs.x(9,X)| (00)’

—3¢;uu¢’MVD¢ o 2¢;uu¢;uad);al{| Morndeski, Int. J. Theor. Phys. 10, 363

(1974).
] ] Kobayashi et al. Prog. Theor. Phys. 126,
Self-accelerating Galileon models! 511 (2011)
Deffayet et al. Phys. Rev. D 80, 064015
(2009).
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the study of classical and quantum fluctuations
about classical solutions.

-Do the classical
fluctuations propagate -Can we excite a ghost?
super-luminally?

-Do the quantum fluctuations become strongly
coupled at some unacceptably low energy scale?



[heoretical consideratione are a very powerful tool in testing new models:

the study of classical and quantum fluctuations

about classical solutions.

. LAPLACIAN
INSTABILITIES negative

fluctuations propagate -Can we excite a ghost? \squared propagation speed

-Do the classical

super-luminally? for high enough frequencies

-Do the quantum fluctuations become strongly GHOST: describe physical
coupled at some unacceptably low energy scale? excitations with a wrong

STRONG COUPLING: / sign in the kinetic energy.

. : : ghost will generate
-quantum fluctuations on a classical solution : e
instabilities if it couples to
becomes strongly coupled at an unacceptably low :
scale other, more conventional,
: . : . . fields since its energy is
-Classical solution itself is meaningless at distances %Y

below 1/A (loss of predictivity). Eg:z)?/\l/mded from



building up a ghost-free
theory demands a
positive-definite kinetic
matrix.

building up a
Laplacian-free theory
demands a positive
propagation speed
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Erwan Allys, Patrick Peter, and Yeinzon Rodriguez 1
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’ 124 p Y
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4 _4 b b 1P Pv v ~Mp
1
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(VpAua)(v Aub) (VpAva)(v A#b>]
[: Gb A’UA Suaa ﬁcun o ,Lll/pUAuaAI/bAp 40

pot o




Generalized SU(2) Proca theory Ll :%(Ab : Ab)[gﬂagv — SreSY LA, - AR]

va pa

Erwan Allys, Patrick Peter, and Yeinzon Rodriguez 1
Phys. Rev. D 94, 084041 — Published 26 October 2016 + _(Aa . Ab) [Sua.sr/b . Sua,Sub + 2A%. AbR],
2 , n v v ~Mpu

, 1
L =7(Ap- A[SEeS — SIS + A" AR

1
. §(AH.(1.AI/Z))[SP VSZ/pb — SﬁaSﬂpb — AZAZ-RHVIOO'

pa

- (VpAua)(val/b) + (val/a)(va,U-b)]?

3 b Al voa curv Ala AVD Ap AC

o

Generalized SU(2) Proca theory reconstructed and beyond
Phys. Rev. D

Alexander Gallego Cadavid, Yeinzon Rodriguez, and L. Gabriel Gomez

Accepted 9 October 2020




Stability conditions in the generalized SU(2) Proca theory

L. Gabriel Gomez and Yeinzon Rodriguez
Phys. Rev. D 100, 084048 — Published 21 October 2019

S= / d*x\/=9(Lg-u+ Lym +a1 L +acu L),



Stability conditions in the generalized SU(2) Proca theory

L. Gabriel Gomez and Yeinzon Rodriguez
Phys. Rev. D 100, 084048 — Published 21 October 2019

S=/d4x,/—g(£E_H+£YM +a1£‘11+acurv£4cm),

ds* = —dt* + a*(1)5;;dx"dx’

Al = a(t)¢(t)5ff._



Cecond order action

] : s P w3 .
St = e / >k dt a® (ftAg—k-zfth— Y'BY — ;?M;() ,
. i : s M2 T k2o
S S309y::8 NS g2 TN
S = on)? /d kdta 2 [(lzij) i (t) (12(h”)

where ' = ((,0;) is a dimensionless vector and A, G, B, M are matrices



Cecond order action

] . s P w3 .
S¢ = e / Pk dt o® (ftAg—k-zfth— By — fM’“) ,
. i . s M2 T 2
S S309y::8 NS g2 TN
g = (27r)3/d kdt a 2 [(lzij) ci(t) (12(h”) <

where ' = ((,0;) is a dimensionless vector and A, G, B, M are matrices



Cecond order action

1 ; 5
g o o= / &Pk dt a® ( CAY — B2 XGY — ¥BY — ¥M )
(2m)?
. 1 ; M?2(t
ST = (271_)3/(13,11'(#(13 8( ) [(h )2 — ¢t ]
where ' = ((,0;) is a dimensionless vector and A, G, B, M are matrices

tensor perturbations:
metric tensor and the gauge
field

0gi; = ag(t)hlj_,
0A? = a(t)t?,

1



Cecond order action

] : s P w3 .
St = e / >k dt a® ()ZtAf—k'z)?Gf— Y'BY — )?M)E) ,
. 1 ; ; ﬂ-irz(t) o S k2 .
S 28397 NS g2 TN
S = on)? /d kdta 2 [(hij) i (t) (12(ILZJ) ]<

where ' = ((,0;) is a dimensionless vector and A, G, B, M are matrices

tensor perturbations:
metric tensor and the gauge
field

(Sglj = QQ(t)hij_,
SAY = a(t)t?,

1

Coupled oscillator:
0’h?] — h’i — 0 and 52(?,255‘ — 5(2115;1 = 0.

0g11 = — 0g9 = a2h+, 0g12 = CLth:
0A, =a(0,t4,1,0,0), §A% = a(0,t.,—t:,0,0).




Ghostfree conditions :
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Ghostfree conditions :

LT

S% = [ dxdta’x KX,
1 (6la+19x
1{112K13:Z+< a—g h—29)¢4

Ky =Ky =1+ (-ba+rk+ 2)\)&52

1 ‘
Ky = Ky = 5(10a — =35 + 80 20)¢°,
K3y = Ky3 = Kyo.

%

>0,
% 16

1 1
(15— V435) <d < (15 +/435).

Gradient-instability free conditions:

52 — / Lxdt(—adTLOR)

1 8lao — K _.
LM:LB:Z+( )&

8
Loo=Lyy=1+ (—5()4 + K+ 2)\)@52

10a+ Kk —4N) 5
5 ¢,

det(c2K — L) = 0.

1
T
Ly9 = Loy =




Gradient-instability free conditions:

cz, = {1 (=10 + (=71 + 8d)p* — 51 (31 + 24d) "]
+2[1 + [a?¢®(1 + Sa,¢?)[64d* + (5 + 4d)*¢*

+ a; (125 + 8d(=75 + 254d))¢*)]'/?|}/

{=2 + a;¢?[-10 + (=61 + 16d)¢*
+ a;[-105 + 16d(—15 + 8d)|¢*]}.

=)



Gradient-instability free conditions: dz/,,ﬁ"’

¢k, = {a =10 + (=71 + 8d)§* — 5, (31 + 24d) )
+2[1 + [F°(1 + 501¢7)[64d? + (5 + 4d)> ¢
+a; (125 + 8d(=75 + 254d))¢*)] 2]}/
{2+ a1 ?[~10 + (=61 + 16d)¢?

+ ay[-105 + 16d(—15 + 8d) |4} ﬂ[:>

100
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Exorcise: isolate it, make it
heavy so much so that its
mass exceeds the cut-off
for the effective theory
describing the relevant
fluctuations
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Exorcise: isolate it, make it
heavy so much so that its
mass exceeds the cut-off
for the effective theory
describing the relevant
fluctuations

f EXORCISE CLASS TODAY <T

the safest way to deal

with a ghost is to

dismiss those

unphysical solutions of ;>
a theory upon which

the ghost can fluctuate

Oops. Sorry. |, “hdl’li@“lpﬁ cton11
Hﬂouglﬂf l‘{. was a {.BPOJ




hij + (34 ay )Hhij + (1 + o )k?hij =0, ¢2 = 1+a,

— 81070 6, foi— 1 &7 10778, a, = dlog(M?)/dlog(a)

Ci==C CyFC
i General Relativity quartic/quintic Galileons [13][14] i
'—% quintessence/k-essence [46) Fab Four [15]
E Brans-Dicke/ f(R) [47] [48] de Sitter Horndeski
= Kinetic Gravity Braiding Guuo*¢” [51], f(¢)-Gauss-Bonnet
. P
- ( \
o Derivative Conformal (19) [17)] quartic /quintic GLPV [18]
z Disformal Tuning || quadratic DHOST with Ay # 0
1 quadratic DHOST with A, =0 cubic DHOST [23] y
Viable after GW170817 Non-viable after GW170817

Ezquiaga et al. Phys. Rev. Lett. 119, 251304 (2017)



Modified gravity roadmap Constrained by

I:l GW speed
Massive : ) .
Eoie ~ : ‘:] GW dispersion

mg > 0 Sh WY )
General : I:I GW damping

Relativity :"'_r-:-..‘z\ \f l: GW oscillations

Unique theory

of massless g,,,,

Additional P2 p2].2 A ] § Ry
Field W = (..g}\.- + 7719 + An l\.‘ )
n=3

Break

Assumptions Extre

«dimensions

Ezquiaga et al. Front. Astron. Space Sci. 5:44 (2018)




cqg(z = 0) = c.

w? (k) = c2k? (1 + zn: Cn (%)n) ;

This result leaves us with two ways to construct
gravity theories with GWs moving at the speed
of light: 1) start with a luminal theory and apply
a conformal transformation, D = 0, or 2)
compensate the anomalous speed with a
disformal factor.

Ezquiaga et al. Phys. Rev. Lett. 119, 251304 (2017)



Viable theories beyond

Horndeski can be obtained
= = i,
cg(z = 0) by modifying the causal
aH\"™ structure of the
2 N 5 R . .
w?(k) = 2k (1 + Zn: Cn (T) ) ; gravitational sector.

Guv = (6, X) g + D(6, X)) 0.0

This result leaves us with two ways to construct
gravity theories with GWs moving at the speed
of light: 1) start with a luminal theory and apply = cf](f()

a conformal transformation, D = 0, or 2) 9= 1+2XD’
compensate the anomalous speed with a

disformal factor.

changes the GW-cone

Ezquiaga et al. Phys. Rev. Lett. 119, 251304 (2017)



within the cet of theories pasccing present fects, what interesting

henomenology ic otill poccible?
P 95 1 posst Viable theories beyond

Horndeski can be obtained
Cilz = Q) = £
g ) by modifying the causal
Al \" structure of the
w? (k) = cf]k2 (1 + Z (o (T) ) : gravitational sector.

Juv = ‘Q?(Qbe X)guw + D(9, X)(Du(b,, ;

This result leaves us with two ways to construct
gravity theories with GWs moving at the speed

changes the GW-cone

of light: 1) start with a luminal theory and apply i cf](f()

a conformal transformation, D =0, or_2) 0= 1+9%XD + OXD

compensate the anomalous speed with a

disformal factor. This particular cancellation holds

, over general background!
Ezquiaga et al. Phys. Rev. Lett. 119, 251304 (2017)
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107"
13 Hrec LISA 10-2 o
10720 105 10 105 10° 105
The EFT can safely describe -

cosmology from today HO to before M < AHorndeski ~ (Mp1Hy)/® ~ 260Hz

recombination Hrec, but may receive

order one corrections in the LIGO
band. De Rham et al. Phys. Rev. Lett. 121, 221101 (2018)



SUMMARY: !

WARNING

Take care about all possible instabilities at
classical and at quantum level.

avoid: ghost instabilities, Laplacian
instabilities, radiative instabilities, strong
decay of gravitational waves into dark

energy fluctuations and other fundamental
Issues.
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SUMMARY: !

WARNING

Take care about all possible instabilities at
classical and at quantum level.

avoid: ghost instabilities, Laplacian
instabilities, radiative instabilities, strong
decay of gravitational waves into dark

. S JRNE 1974'& SYDNE i A‘
energy fluctuations and other fundamental T B s L BT
issues. S —

-Be sure the constraints you want to apply
live in the scale of viability of your theory




